Two routes to phenanthridines are reported; a palladium-mediated route using imidoyl-selanides as precursors and a modified radical route using aryl imines as starting materials.
Introduction
Phenanthridines are an important class of heterocyclic compounds first discovered in 1891 by Pictet and Ankersmit. They show a range of biological activities, 1 and are currently attracting significant interest from synthetic chemists. The majority of established synthetic routes utilise anionic ring closure reactions, 2 Bischler-Napieralski reactions, 3 reduction of phenanthridones, 4 palladium chemistry, 5 or free radical methodology. 6, 7 A number of new syntheses of the phenanthridines have been reported recently, underlining their importance. 8 Recently we have published a palladium-mediated route to phenanthridine, 9 as part of our interest in the development of new methods to prepare heterocyclic systems which include stoichiometric organometallics, 10 biomimetic methods, 11 condensation of reactive electrophilic systems, 12 and radical chemistry. 13 We now wish to disclose the full details of our palladium work together with an improved phenanthridine synthesis by a radical method from imines.
Results and Discussion
Our first proposed route to phenanthridines 1 involves the key Pd-mediated C-C bond formation of the central pyridine ring from the imidoyl-selanides 2. The imidoyl-selanides 2 can in turn be derived from the corresponding amides 3 which are readily prepared from commercially available 2-aminobiphenyl 4 by well-established amide bond formation chemistry, such as simple reaction with aromatic acid chlorides (Scheme 1). We chose imidoyl selanides because the weak imidoyl-Se bond was predicted to facilitate Pd(0) insertion and they had proved good precursors for radical reactions. 14 Also it has been shown that transition metals can insert into the carbon-selenium bond. The required amides 3 were prepared, in reasonable yields, by standard methods from 2-aminobiphenyl 4 and aryl acid chlorides (Scheme 2, Table 1 ). A representative range of 4-substituted aryl acid chlorides was chosen to prepare the amides 3, in order to observe the electronic effect on the insertion of palladium into the Se-C bond of the imidoyl-selanides 2 ( Table 1 ). The amides 3 were converted into the appropriate α-chloroimines by treatment with phosgene and catalytic DMF. 16 We found other methods of preparing the α-chloroimines were unsatisfactory for further reactions. The potassium salt of phenylselanide was prepared in situ by reduction of diphenyl diselanide with K-Selectride ® and added directly to the un-purified α-chloroimines to give the imidoyl-selanides 2 (Scheme 2, Table 1 ). 14 Some hydrolysis of the imidoyl-selanides 2 was observed upon both silica and alumina chromatography, therefore the imidoyl-selanides 2 were used either after purification by crystallization, or rapid chromatography, and in some cases as the crude mixture. With an array of imidoyl-selanides 2 in hand we attempted the proposed Pd-mediated cyclisation to phenanthridines 1. A large range of conditions have been reported for palladium catalyzed reactions, 17 so in order to limit the number of variables in the preliminary reactions we initially used the conventional Pd(PPh 3 ) 4 as the palladium source without additional ligands. It is foreseeable that other palladium sources, or the inclusion of ligands, will also be applicable and we are keen to explore their potential in due course. The parent imidoyl-selanide (R = H) 2a was first treated with 10% Pd(PPh 3 ) 4 and excess triethylamine under a range of trial reaction conditions. In DCM, THF, or MeCN, no reactions took place at either room temperature or at reflux. Complex mixtures were observed when the reactions were carried out at 80 °C in DMF or chlorobenzene, with no discernible sign of the desired product. However, when the reaction was carried out at 80 °C in the non-polar solvent, toluene, a trace of the desired phenanthridine 1a was detected in the crude mixture. The 1 H NMR spectrum of the crude mixture clearly showed the characteristic peaks of the phenanthridine ring. Encouraged by this result the reaction was repeated at reflux in toluene for 48 hours which gave a 10% isolated yield. A further improvement in yield was seen when the amount of palladium catalyst was increased to 0.4 equiv. With these positive conditions in hand, the range of imidoylselanides 2a-2g previously prepared were treated with Pd(PPh 3 ) 4 (0.4 equiv.) and excess triethylamine in toluene at reflux for 48 hours, to successfully produce the respective phenanthridines 1a-1g (Scheme 3, Table 2 ). Scheme 3. Pd-mediated cyclisation to phenanthridines 1a-1g. The phenanthridines 1a-1g were isolated in synthetically useful yields that are currently unoptimised. The electronic effect of the substitution on the aromatic ring (R) did not appear to affect the reaction. In the absence of the base there was no reaction or significantly reduced yield. Attempts to cyclise the α-chloroimines, precursors of the imidoyl-selanides, under all conditions failed to give any signs of the phenanthridines in our hands to date. We are pleased with these initial results and a wider range of targets is currently under investigation using imidoyl-selanides and Pd-mediated conditions. We are also looking at optimising the reaction conditions by using a different base, palladium source and ligands that are known to enhance Pdcatalysis.
Mechanistically, we propose insertion of a Pd(0) species into the carbon selenium bond followed by carbo-palladation onto the phenyl ring. This intermediate then undergoes rapid rearomatization with the loss of HPdSePh to give the phenanthridine system (Scheme 4). Incidentally, while we were looking up spectral data of the phenanthridines prepared using the previously described novel palladium chemistry, we became aware of some leading work by Leardini et al. in the 1980s. 7 These workers had shown under radical conditions imines were suitable precursors to a range of phenanthridines (Scheme 5). Using di-iso-propyl peroxy carbonate (DPDC) they showed that a range of imines (Scheme 5) could be cyclised to give phenanthridines in good yields, in hot benzene. The reaction proceeds by initial imidoyl-H atom abstraction by the electrophilic i-PrO⋅ radical, and subsequently the intermediate undergoes intramolecular cyclization and oxidative aromatization to form the phenanthridine ring. With our experience in radical chemistry, we decided to enhance this methodology as part of our interests in the field of phenanthridines. We considered that the use of di-iso-propyl peroxycarbonate (DPDC) is somewhat of a drawback due to its explosive nature, thus requiring additional safety precautions and limiting its potential application. 18 In place of di-iso-propyl peroxycarbonate (DPDC), we planned to use di-(tert-butyl)peroxide, which is reported not to be explosive under normal conditions, as a safer alternative. 18 Homolysis of the di-(tertbutyl)peroxide, which can be facilitated by heat, yields the strongly electrophilic radical t-BuO⋅, which should be an ideal substitute for i-PrO⋅ and a similar reaction followed. The desired aryl imines were readily prepared by standard methods in decent yields. 2-Aminobiphenyl 4 and an aryl aldehyde were stirred together in dichloromethane in the presence of molecular sieves at room temperature to give the required imines 5a-5h (Scheme 6, Table 3 ). With the imines in hand we could attempt the improved radical conditions for the reaction. Homolysis of the di-(tert-butyl)peroxide occurs at 120 °C, therefore a high boiling point solvent was required. Our initial attempts to cyclise the imine 5a was carried out in chlorobenzene using two equivalents of the peroxide at 125 °C. The 1 H NMR spectrum showed no trace of the desired product. The boiling point of di-(tert-butyl)peroxide is 109 °C and it was therefore thought that homolysis was not occurring or was undergoing evaporation prior to homolysis. This problem was solved by repeating the reaction in a sealed vessel and heating the reaction mixture to 140-150 °C (oil bath temperature) which led to the desired product in 48% yield. The purified phenanthridine showed an identical 1 H NMR spectrum to the sample previously prepared by Pd catalysis. The un-optimised yield was somewhat lower that reported by Leardini using DPDC, but this does provide a safer alternative especially when scaling up. With this gratifying result in-hand we decided to look at a range of substituents on the aldehyde component of the reaction. The choice of a p-substituted benzaldehyde reflects the possible influence of electronic effects and also parallels our palladium chemistry. In addition it expands on the limited range of examples Leardini had reported. All the imines were prepared in reasonably yields (Table 4 ) and used shortly after preparation to avoid potential hydrolysis or oxidation problems. The imines 5b-5h were submitted to the radical cyclisation conditions, di-(tert-butyl)peroxide (2 equiv.) in chlorobenzene at 140-150 °C for 48 h, to yield the corresponding phenanthridines 1b-1h in moderate yields (Scheme 7, Table 4 ). There was no significant difference in the results with respect to the effect of the functional group on the cyclisation. The mechanism for the formation of the phenanthridines is that of homolytic aromatic substitution. 19 The t-BuO⋅ radical abstracts the imine-H forming the imidoyl radical, which then adds to the phenyl ring. The homolytic aromatic substitution is then terminated by H-atom abstraction by another radical such as a t-BuO⋅ radical. 
Conclusions
We are pleased with the initial palladium results and the modified radical reaction conditions for the preparation of phenanthridines, but there is plenty of scope for optimising both the radical and palladium reaction conditions, such as using alternative palladium sources, the addition of ligands, and different base/solvent combinations. Currently, we are investigating further chemistry of the imidoyl-selanides/palladium methodology to synthesise a wide range of heterocyclic targets other than phenanthridines. Moreover, our research into the development of new palladium reactions and radical reactions to the same target could lead to a valuable direct comparison of radical and palladium reactions in the generation of important heterocyclic compounds.
Experimental Section
General. Infrared spectra were obtained using a Perkin-Elmer Paragon 1000 FT-IR spectrophotometer in the range of 4000-600 cm -1 (with internal calibration). Samples were dissolved in the appropriate solvent and applied to sodium chloride plates as thin films. In the case of liquid samples, they were applied neat to the plates and run as thin films. Only the major absorbances have been quoted. 1 H NMR spectra were measured at 400 MHz and 13 C NMR spectra were measured at 100 MHz (unless stated otherwise), using a Bruker AC 400 MHz spectrometer. The solvent used for spectroscopy was CDCl 3 (unless stated otherwise) using TMS as the internal reference. Chemical shifts are given in part per million (ppm) and coupling constants (J values) are given in hertz (Hz). Assignment of individual proton signals was assisted by analysis of 1 H COSY spectra.
Melting points were obtained using an electrical 9100 Thermal melting point instrument and are uncorrected. All solvents and reagents were purified by standard technique or used as supplied from chemical sources as appropriate. Light petrol refers to the fraction which boils at 40-60 °C Reagent chemicals were purchased from Aldrich Chemical Company Ltd, Lancaster Chemical Synthesis Ltd and Acros (Fischer) Chemicals Ltd. Solvents when necessary were dried and stored over 4Å molecular sieves prior to use.
General experimental procedure for the preparation of the benzamides 3
To a solution of 2-aminobiphenyl 4 (1.0 equiv.) and Et 3 N (2.0 equiv.) in CH 2 Cl 2 (0.3 ml/mmol) at 0 °C was added acid chloride (1.0 equiv.). The reaction was warmed to rt and stirred for 5 h. The reaction mixture was then washed with water, sat. NaHCO 3 solution, and brine. The organics were dried over MgSO 4 , filtered and concentrated under reduced pressure. The residue was purified by trituration with DCM and hexanes. The resulting solid was filtered off and dried under vacuum to yield pure benzamide 3. N-Biphenyl-2-yl benzamide (3a 
General experimental procedures for the preparation of the imidoyl-selanides 2
To a solution of amide 3 (1.0 equiv.) in dry CH 2 Cl 2 (8 ml/mmol) under inert atmosphere was added dry DMF (1 drop/mmol) and phosgene (3.0 equiv.). The reaction mixture was stirred at rt for 5 h. The volatiles were then removed under reduced pressure to give the crude imidoyl chloride as a residue. K-Selectride ® (1M THF solution, 1.1 equiv.) was added to a solution of (PhSe) 2 (0.5 equiv.) in THF (10 ml/mmol) to form a white suspension. In a separate flask, the crude imidoyl chloride was re-dissolved in dry THF (8 ml/mmol) and the solution was cannulated into the suspension. The reaction mixture was stirred at rt overnight. The solvent was then removed under reduced pressure and the residue was partitioned between water (8 ml/mmol) and CH 2 Cl 2 (8 ml/mmol). The organics were separated, dried over MgSO 4 , filtered and concentrated under reduced pressure to give crude imidoyl-selanide product 2. No further purification was carried out in most cases. Phenyl-N-biphenyl-2-ylbenzimidoselenoate (2a). Amide 3a (1.39 g, 5.09 mmol) yielded phenyl-N-biphenyl-2-ylbenzimidoselenoate 2a (1.74 g crude) and it was carried on to the next reaction without further purification. 
N-Biphenyl-2-yl-4-methylselenobenzimidic acid phenyl ester (2b)
. Amide 3b (1.00 g, 3.48 mmol
Phenyl-N-biphenyl-2-yl-4-(dimethylamino)benzimidoselenoate (2g).
Amide 3g (1.50 g, 4.74 mmol) yielded phenyl-N-biphenyl-2-yl-4-(dimethylamino) benzimidoselenoate 2g (282 mg, 62% crude) and it was carried on to the next reaction without further purification.
General experimental procedure for the preparation of imine 5
To a solution of 2-aminobiphenyl 4 (1.0 equiv.) in CH 2 Cl 2 (2 ml/mmol) in the presence of 4Å molecular sieves was added aldehyde (1.0 equiv.). The reaction mixture was stirred at rt for 5 h. It was then filtered through a pad of Celite and washed with excess DCM. The filtrate was concentrated under reduced pressure to give imine product 5 without further purification.
Benzylidene biphenyl-2-yl amine (5a). 7 Benzaldehyde (0.30 ml, 2.95 mmol) yielded benzylidene biphenyl-2-yl amine 5a (455 mg, 60%) as a yellow oil. The crude imine 5a was directly carried on to the next reaction without isolation. Biphenyl-2-yl-(4-methoxybenzylidene) amine (5d). 7 4-Methoxybenzaldehyde (0.36 ml, 2.95 mmol) yielded biphenyl-2-yl-(4-methoxybenzylidene) amine 5d (661 mg, 78%) as a yellow oil. The crude imine 5d was directly carried on to the next reaction without isolation. Biphenyl-2-yl-(4-chlorobenzylidene) amine (5e). 7 
Biphenyl-2-yl-(4-methylbenzylidene) amine (5b

General experimental procedure for the preparation of phenanthridine 1 by Pd catalysis
To a solution of imidoyl-selanide 2 (1.0 equiv.) in toluene (5 ml/mmol) under inert atmosphere was added Pd(PPh 3 ) 4 (0.4 equiv.) and triethylamine (5.0 equiv.). The reaction mixture was refluxed for 48 h. The solvent was then removed under reduced pressure. The residue was dissolved in DCM (10 ml/mmol), washed with water, sat. NaHCO 3 solution and brine. The organics were dried over MgSO 4 , filtered and concentrated under reduced pressure. The crude product was purified by column chromatography to yield phenanthridine product 1. 6-Phenylphenanthridine (1a). 7 Imidoyl-selanide 2a (400 mg, 0.97 mmol) yielded 6-phenyl phenanthridine 1a (59 mg, 24%) after column chromatography (Alumina, 25% DCM in hexanes) as white crystals mp 101-102°C (lit. 
